The population of cancer survivors with prior cancer is rapidly growing. Whether a prior cancer diagnosis interferes with outcome is unknown. We conducted a pan-cancer analysis to determine the impact of prior cancer history for patients newly diagnosed with cancer. We identified 20 types of primary solid tumors between 2004 and 2008 in the Surveillance, Epidemiology, and End Results database. Demographic and clinicopathologic variables were compared by v 2 test and t-test as appropriate.
Clinical trials are essential for improving their survivorship. However, prior cancer history is one of the most commonly used exclusion criteria in cancer clinical trials, due to concerns about survival impact and prior treatment interference. Given the sizable number of patients with a history of prior cancer, this exclusion criterion may further limit the accrual and generalizability of trials. For instance, over 80% of lung cancer trials sponsored by the Eastern Cooperative Oncology Group (ECOG) have adopted this exclusion criterion. 4 Such a restrictive criterion may unconditionally exclude up to 18% of lung cancer patients from participating in trials. 4 This practice is mainly based on a long-held belief that a prior cancer diagnosis will interfere with study outcomes. However, the validity of this criterion has been barely validated. Until recently, there have been no data that clearly support this assumption for many common cancer types. Notably, Gerber et al. found that prior cancer did not adversely impact clinical outcomes in lung cancer trials, most of which used a 5-year prior cancer exclusion window. 3, 5, 6 To address these assumptions, we aimed to conduct a pancancer analysis to determine the impact of prior cancer history for patients newly diagnosed with cancer, using the Surveillance, Epidemiology, and End Results (SEER) database.
Material and Methods
The SEER program of the National Cancer Institute provides authoritative information on cancer statistics, which covers approximately 30% of the population in the United States (https://seer.cancer.gov/). 7 We extracted data from the SEER database by using the SEER*Stat software version 8.3.4 (accession number: 13693-Nov 2015). 8 We retrieved all records of patients diagnosed with cancers from January 2004 to December 2008. The year 2004 was selected as the first year of the study given that several employed covariates were introduced in SEER in 2004 (American Joint Committee on Cancer: AJCC Staging Manual, 6th edition, http://www.cancerstaging.org). 9 We used International Classification of Diseases for Oncology, 3rd edition (ICD-O-3) Site Recode to identify 20 types of primary solid tumors, including tumors of the nasopharynx, esophagus, stomach, colon and rectum, liver, gallbladder, pancreas, lung and bronchus, bones, joints and soft tissue, melanoma, breast, cervix uteri, corpus and uterus, ovary, prostate, urinary bladder, kidney and renal pelvis, eye and orbit, brain and other nervous system, and thyroid. The exclusion criteria were as follows: (i) age at diagnosis younger than 18 years;
(ii) patients with incomplete survival data and follow-up information; and (iii) patients with only autopsy or death certificate records.
We extracted demographic and clinicopathological data, including sex, age, race, marital status, pathology grade, extent of disease, TNM stage, surgery, and radiotherapy, from SEER database. Race was divided into white, black and others. We classified patients as married or unmarried. According to the SEER staging system, disease extension was categorized as localized, regional and distant. The TNM stage was based on the AJCC (6th edition) staging system. The survival data were available in the measurement unit of months, without precise days. Considering the preconditions that no precise survival days were available and that patients with only autopsy or death certificate records were excluded, a survival time of 0 month was recorded as 0.5 months to include patients who died within 1 month of diagnosis but who did not reach the 1-month threshold. 10 A history of prior cancer was determined from SEER sequence numbers, which indicated the sequence of all primary reportable neoplasms over the lifetime of the patient. The sequence number assigned was "00" when a patient had only one primary cancer. For persons with multiple neoplasms during their lifetimes, the sequence number is "01" for the first cancer, "02" for the second cancer, and so on. We also calculated the timing of the prior cancers using the SEER diagnosis dates of the index cancer and the most recent of any prior cancers. Notably, some prior cancer records may not be registered in the SEER database. These cases accounted for approximately 22% of cases according to our research, so their timing remained uncalculated. The prior cancers with full timing records were used for further study.
The primary outcome of this study was overall survival (OS). OS was defined as the time from diagnosis to the date of death. Patients who were still alive at the follow-up cutoff date were treated as censored observations. We set December 31, 2013 as the follow-up cutoff date to ensure that all included cases (diagnosed at 2004-2008) were followed up for at least 5 years.
For each cancer type, we split patients into two groups based on prior cancer history. Differences in patients' characteristics were assessed by Pearson v 2 analysis for categorical variables and t-test for continuous variables as appropriate. Propensity scores were constructed to minimize the effect of confounding from differences in baseline characteristics
What's new? Prior cancer history often excludes patients from cancer clinical trials. However, whether a prior cancer diagnosis actually interferes with study outcomes is still unknown. In this study, the authors analyzed 20 different cancer types. These cancers fell into two categories: "prior cancer inferior" (PCI), in which patients had lower survival rates than those without prior cancer; and "prior cancer similar" (PCS), in which survival rates were similar. Almost half of the cancer types were PCS. These results suggest that not all prior cancers must be excluded from clinical trials.
between patients with and without a prior cancer diagnosis. In this study, propensity scores were estimated based on race, sex, age, marital status, TNM stage, pathologic grade, and treatment. 11 Specifically, age is a major confounder for OS, so we matched cases according to age as a continuous variable, rather than by directly dividing cases into two groups according to the mean age. A one-to-one propensity score matching (PSM) with a caliper of 0.2 was performed. The characteristics of the PSM cohort were then compared to ensure that the two groups were balanced. The scorematched pairs were used in subsequent analyses. OS was calculated with the Kaplan-Meier method, and differences between patients with and without a prior cancer history were compared using log-rank tests. Kaplan-Meier curves were also constructed according to the timing of the prior cancer diagnosis and index cancer stage. Finally, we built a multivariate Cox proportional hazards model to identify whether prior cancer impacted the prognosis independently. The common demographic and clinicopathological data, including race, sex, age, marital status, TNM stage, pathologic grade and treatment (radiation and surgery), were entered as covariates. We routinely assessed the proportional hazards assumption and found that the assumption was not met. 12 This issue is common in large dataset analyses because of how easily small departures are detected in a large dataset. 13, 14 To investigate the impact of this violation of the assumption, we further included the time-dependent coefficients into the Cox models, by generating time interaction for covariates. 15 Finally, the hazard ratio, demonstrating the impact of prior cancer history was stable with only a subtle change. Statistical significance was set as a two-sided p < 0.05. All statistical analyses were performed using R version 3.4.2 software (Institute for Statistics and Mathematics, Vienna, Austria; www.r-project.org).
Results
This retrospective study included a total of 1,557,663 eligible patients with cancers diagnosed from 2004 to 2008 in the SEER database. Among these cases, 261,474 (16.79%) had a history of prior cancer. Table 1 shows the proportions of patients with a prior cancer history in terms of the 20 different cancer types. The prevalence of prior cancer ranged from 6.58% to 25.58% according to the cancer type. Patients with the highest prevalence of prior cancer had cancers of the urinary bladder (25.58%); lung and bronchus (21.72%); melanoma (21.61%); kidney and renal pelvis (21.14%); esophagus (20.31%); and colon and rectum (19.08%). All covariables were balanced between groups after the adjustment for propensity scores. There were 200,707 patients (76.76%) with an accurately diagnosed time of prior cancer recorded in the SEER database. More than 65% of prior cancers were diagnosed within 5 years. The time of prior cancer to the time of the newly diagnosed cancer was different across cancer types (median range from 20 to 67 months, mean from 45.65 to 88.25 months).
The impact of prior cancer on prognosis was different across cancers, based on the results of the Kaplan-Meier analysis after PSM, which could be broadly divided into two groups: (i) Patients with a history of prior cancer had inferior OS (prior cancer inferior [PCI] group) and (ii) the remaining patients showed similar OS (prior cancer similar [PCS] group) to that of patients without prior cancer history. The PCI group mainly comprised tumors involving the following tumor sites: the colon and rectum, bone and soft tissues, melanoma, breast, cervix uteri, corpus and uterus, prostate, urinary bladder, kidney and renal pelvis, thyroid, eye and orbits (Fig. 1) . Their Kaplan-Meier curves showed an adverse effect of prior cancer on OS, compared to patients without a prior cancer (log rank tests p < 0.05). The OS of patients with a prior cancer history from the PCS group (nasopharynx, esophagus, liver, gallbladder, lung, ovary) was the same as that of patients without a prior cancer (p > 0.05), or slightly worse (stomach, pancreas, brain and other nervous system, p < 0.05); however, their survival curves visually overlapped without a clinically meaningful difference (Fig. 2) .
Propensity-score-adjusted Cox proportional hazards models were constructed to confirm the impact of prior cancer on OS (Fig. 3) . Within the PCI group, patients with a prior cancer history had worse OS than patients without a prior cancer history. Cancers with the highest hazard ratios (HRs) were thyroid cancer (HR 5 1.56; 95% CI [confidence interval] 1.43-1.69, p < 0.001), prostate cancer (HR 5 1.55; 95% CI 1.51-1.60, p < 0.001), corpus and uterine cancer (HR 5 1.34; 95% CI 1.27-1.41, p < 0.001), urinary bladder cancer (HR 5 1.24; 95% CI 1.21-1.28, p < 0.001), and melanoma (HR 5 1.23; 95% CI 1.19-1.27, p < 0.001). In contrast, prior cancer did not adversely affect survival in the PCS group. The 95% Cis of the HRs for the PCS group cancers were all cover "1" (p > 0.05), or slightly <1.
We also performed subgroup analysis of the prior cancer history impact on OS stratified by the timing of prior cancer and AJCC stage after PSM-based log-rank tests in the different cancer cohorts. For analyses by prior cancer timing, we set 24, 36, 60 and 120 months as the exclusion window. Most subgroups of patients had a consistent effect and significance with the previous cohort analysis (p < 0.05). There were exceptions in the following PCI subgroups in the specific exclusion window: melanoma, 24 months, p 5 0.33; melanoma, 36 months, p 5 0.56; melanoma, 60 months, p 5 0.92; cervix uteri, 120 months, p 5 0.76; and kidney, 120 months, p 5 0.36. The p values were insignificant, but the patients with prior cancer still had a slightly inferior survival curve. Although some p values were significant for some PCS cancers in the specific exclusion window, such as liver (60 months, p 5 0.04), pancreas and lung cancers (24, 36, 60 months, p < 0.05), the patient survival curves were visually overlapped. The PCS subgroups displayed almost the same tendency to that of the non-inferior effect (p > 0.05) (Fig. 4 , Supporting Information figures).
When considered with the different AJCC TNM stages of the index cancers, the majority of PCI patients with stage I, II, and III index cancers had similar adverse survival curves to those of patients with a history of prior cancer (p < 0.05). Although the p values were marginally insignificant in the PCI subgroups (prostate, stage I, p 5 0.80; corpus and uterus, stage II, p 5 0.06; bone and soft tissues, stage III, p 5 0.77; cervix uteri, stage III, p 5 0.08), the patients with prior cancer still had slightly inferior survival curves. The patients in the PCS group with prior cancer showed non-inferior or similar survival to that of patients with no prior cancer, except for the following subgroups: the early stage of esophagus cancer (stage II, p < 0.01), stomach cancer (stage I, p < 0.01), gallbladder cancer (stage I, p 50.04) and lung cancer (stage I, II, p < 0.01). Interestingly, compared with patients with no prior cancer, stage IV patients with prior cancer in the PCI and PCS groups had similar or non-inferior survival, except when they had the following cancers: prostate, pancreas and lung cancer (p < 0.05) (Fig. 4, Supporting Information figures) .
Discussion
The practice of excluding patients with a prior cancer history is ubiquitous among cancer clinical trials. This exclusion criterion is mainly based on the assumption that prior cancer may interferes with study outcomes. However, there have been no authoritative data to support this assumption until now. In this retrospective study of 1,557,663 patients whose diagnoses were recorded in the SEER database, we classified 20 types of cancers into two groups namely, the PCI and PCS groups, according to the impact of the prior cancer history. The PCI group demonstrated inferior OS among patients with a history of prior cancer, which supports the current exclusion criterion assumption. Patients in the PCS group diagnosed with a prior cancer still displayed noninferior OS, suggesting that these patients can be considered for enrollment in cancer trials. To our knowledge, this is the first pan-cancer study to evaluate the survival impact of prior cancer across 20 types of cancer systematically. Our results indicate that we need to consider the different impacts of 1 The number and proportion of patients with a history of cancer. 2 The number of patients with accurate diagnosed time of prior cancer recorded in the SEER database. 3 The mean time (months) of prior cancer to newly diagnosed cancer. 4 The median time (months) of prior cancer to newly diagnosed cancer. 5 The number and proportion of patients with prior cancer history within 5 years. Figure 1 . The Kaplan-Meier survival curves of prior cancer history impact on the overall survival in PCI group (prior cancer inferior) after propensity score matching. The overall survival of the PCI group (colon and rectum, bone and soft tissues, melanoma, breast, cervix uteri, corpus and uterus, prostate, urinary bladder, kidney and renal pelvis, eye and orbits, and thyroid) was inferior compared with that of patients without a prior cancer (p < 0.05). [Color figure can be viewed at wileyonlinelibrary.com] Figure 2 . The Kaplan-Meier survival curves of prior cancer history impact on the overall survival in the PCS group (prior cancer similar) after propensity score matching. The overall survival of the PCS group (nasopharynx, esophagus, liver, gallbladder, pancreas, ovary) was similar to that of patients without a prior cancer (p > 0.05), or slightly worse (stomach, pancreas, brain and other nervous system, p < 0.05), and their survival curves visually overlapped without a clinically meaningful difference. [Color figure can be viewed at wileyonlinelibrary.com] prior cancer history according to the specific cancer and not take the prior cancer history for granted. Because the cancer survivor population is rapidly growing, understanding the impact of prior cancer history is critical. Several detailed results have been available for several specific cancer types. Gerber et al. have repeatedly found that prior cancer did not adversely impact all-cause or lung cancer specific survival in a series of studies, which was consistent with our results. 4, 6, 14 Previous studies have also shown that a substantial proportion (18%) of lung cancer patients were excluded from participating in trials because of this stringent criterion, which may substantially limit trial accrual and the generalizability of results. 4 Some researchers identified a higher risk of prostate cancer mortality in patients with a prior cancer, especially in those with higher grade and advanced prostate cancer. 16 This result is similar to our findings, and we may need to be seriously concerned about this "indolent" cancer. When considering gastrointestinal (GI) malignancies, Smyth et al. conducted a retrospective singlecenter study that included 697 GI patients, and the findings were similar to ours; in the former study, GI patients with a prior cancer had similar survival to that of patients with only primary GI cancer. 17 However, there were exceptions. For example, colorectal cancer, which was categorized in the PCI group in our study, had a poor prognosis in patients when diagnosed with a prior cancer. The possible reasons for the discrepancy were the different scales of the study populations and the fact that Smyth et al. evaluated all GI cancers. Except for the above cancer types, there is no study that demonstrates the impact of prior cancer on other cancer types. Our pan-cancer study fills this knowledge gap for the first time and provides data to address these issues. Potential explanations for our findings include lead-time bias. 4, 18 In other words, patients with a prior cancer undergoing routine follow-up may be diagnosed with a new cancer at an earlier point for specific cancer types, due to potential differences in routine follow-up. According to Cancer Statistics 2017 and our study results, we found that the 5-year survival rates of the PCI group (usually >60%) were higher than those of the PCS group (most <20%). 19 Meanwhile, the subgroup analysis by index cancer TNM stage also found that stage IV patients (in both the PCI and PCS groups) with prior cancer showed non-inferior survival compared with patients with no prior cancer. These phenomena indicate that the cancers with relatively good prognoses are more easily affected by prior cancer, whereas the outcomes of aggressive cancers are usually completely unrelated to prior cancer. The dynamic highlights the importance of setting exclusion criteria rationally according to specific PCS cancer types, rather than by directly copying the "standard" criteria from previous trials without thinking.
The timing details of prior cancer diagnoses are an important factor when determining the impact of prior cancer. 5 Most clinical trials use a 5-year exclusion window, and over 65% of prior cancers occur within this time interval in our study. 4 We set 24, 36, 60 and 120 months as options, and tried to find the optimal exclusion window. Finally, we observed that most subgroups of patients had a consistent effect and significance with Figure 4 . Subgroup analysis of prior cancer history impact on the overall survival stratified by the timing of prior cancer and AJCC stage after propensity score match-based log-rank tests in the different cancer cohorts. The p value less than 0.05 was highlighted with grey color. "0.00" means the p value less than 0.01, while "NA" for information missing. The prior cancer history has an adverse survival impact on most PCI patients regardless of the timing of prior cancer and AJCC stage. The patients in the PCS group with prior cancer showed a non-inferior or similar survival when compared with patients with no prior cancer. Notably, stage IV patients with prior cancer had similar or non-inferior survival, no matter which group (PCI or PCS) they belong to.
those of the previous cohort analysis. Specifically, the impact of prior cancer is independent of timing. From this perspective, if we want to set prior cancer exclusion criteria for the PCI group, 5-year exclusion windows are not enough, and we may need to exclude all patients with prior cancer; however, PCS patients can be considered for enrollment in trials regardless of timing.
In addition to the survival impact, there are other potential reasons why clinicians and investigators usually exclude patients with a history of prior cancer from cancer clinical trials, such as previous exposure to treatments for prior cancer. Previous treatment exposure can disrupt the management approach chosen for the index cancer due to efficacy and tolerability after prior systemic therapies. However, due to the limited treatment data available in the SEER database, we cannot elaborate on this issue in our current analysis.
Undeniably, the present study has several limitations. First, prior cancers diagnosed outside of the registry state are reflected in sequence number only, without detailed prior cancer characteristics. In the current analysis, we only consider the timing of the prior cancer, and not the other clinical features of the prior cancer. Second, our research mainly focuses on the history of prior cancer, without a discussion of the specific prior cancer type. In addition, the SEER database lacks more detailed data on treatments other than radiotherapy or surgery. Adverse events and comorbidities were also unavailable in the database. Thus, we could not match comorbidities in our PSM analyses, and we did not include them in the regression models. Notably, the PSM analysis itself is also vulnerable to hidden biases. Furthermore, we cannot address other concerns of prior cancer, such as the efficacy and tolerability of therapy. Finally, our data mainly cover approximately 30% of the population in the United States, and whether our results are generalizable to other countries remains unknown. Further studies are required to collect more data to confirm our findings.
Conclusions
Our pan-cancer study provides the landscape on the survival impact of prior cancer across 20 cancer types for the first time. More than 16% of patients have a history of prior cancer, and approximately 65% of cases occur within 5 years. These cases can be divided into the PCI group (inferior survival compared with that of patients without prior cancer) and the PCS group (similar survival to that of patients without prior cancer). Our findings suggest that broader inclusion criteria can be adopted for the PCS group. Further studies are still needed to confirm our findings.
